Background: Norovirus outbreaks in hospital settings are a common challenge for infection 3 9 prevention teams. Given the high burden of norovirus in most communities, it can be difficult to 4 0 distinguish between on-going in-hospital transmission of virus and new introductions from the 4 1 community and challenging to understand the long-term impacts of outbreak-associated viruses 4 2 within medical systems using traditional epidemiological approaches alone. 4 3 Methods: Real-time metagenomic sequencing during an on-going norovirus outbreak 4 4 associated with a retrospective cohort study. 4 5
Hospital-acquired cases phylogenetically cluster according to hospital geography 1 6 8
We were able to sequence samples for 10 of the 13 patient cases, six on the first day of 1 6 9 prospective sequencing (Day 9) and four on the second (Day 26). Phylogenetic analysis of 1 7 0 these sequences revealed 3 distinct clusters corresponding to hospital geography with one on 1 7 1 the cancer care unit (Cancer Care Unit Cluster) and one each on two different floors of the 1 7 2 medical unit (Medical Unit Clusters #1 and #2) (Figures 2 and 3) . The 6 samples sequenced 1 7 3 early in the outbreak were divided between the Cancer Care Unit Cluster and Medical Unit 1 7 4
Cluster #1 (Supplementary Figure S1 ) and were all members of the Sydney genotype. The 4 1 7 5 samples sequenced later in the outbreak belonged to the Cancer Care Unit Cluster and Medical 1 7 6
Unit Cluster #2 (Supplementary Figure S1 ). Samples in the Medical Unit Cluster #2 were of the 1 7 7 GII.2 genotype. Interestingly, four samples from the Cancer Care Unit Cluster were genetically 1 7 8 identical even though they were collected up to 18 days apart ( Supplementary Table S2 ). 1 7 9
On the second day of sequencing (Day 26), we were also able to generate a sequence 1 8 0 for one of the two staff members with confirmed norovirus. This sample represented the GII.2 1 8 1 genotype but was quite distinct from the two GII.2 patient cases (117 and 118 SNV differences, 1 8 2 respectively). 1 8 3
For each of the two rounds of sequencing our turn-around time from samples to 1 8 4 phylogenetic analysis was approximately 24 hours with information about the genetic 1 8 5 relationships among the hospital-acquired patient and staff cases relayed to the infection 1 8 6 prevention team in real-time. 1 8 7 1 8 8
Multiple putative cryptic transmissions noted between community-acquired and hospital-1 8 9 acquired cases 1 9 0
We also generated sequences for a total of 19 community-acquired norovirus infections 1 9 1 in SCH patients and patients at other UW medical facilities that were collected during and in the 1 9 2 2 4 and S4, Supplementary Table S3 ). The number of non-synonymous changes was greater than 2 2 5 the number of synonymous changes in all samples except for the last one, Case 2k. The rate of 2 2 6 accumulation of consensus changes seems to have increased slightly after the patient 2 2 7 experienced recurrence of their HLH, received chemotherapy, and underwent a second HCT.
8
A number of non-synonymous changes were noted in the P2 subdomain of ORF2, which 2 2 9 encodes the most immunogenic part of the norovirus capsid and is thought to be important to 2 3 0 immunologic escape by viruses [24] . The average value of dN/dS (when Case 2b-k were 2 3 1 compared to Case 2a) for ORF2 was 1.717 (standard deviation 0.394). The patient's ORF2 2 3 2 dN/dS was substantially larger than a previous dN/dS estimate of 0.12 for GII.4 ORF2 2 3 3 sequences [25]. We were unable to calculate dN/dS for the P2 subdomain as there no 2 3 4 synonymous consensus changes observed in this region for any of the later samples relative to 2 3 5 Case 2a. The number of non-synonymous consensus changes observed ranged from 1 to 8. 2 3 6
The average mutation rate in ORF2 for the same comparisons was 0.015 substitutions/site/year 2 3 7 (standard deviation 0.011), which again was substantially higher than GII.4 ORF2 mutation rate 2 3 8 estimates of 5.4 x 10 -3 substitutions/site/year [25]. 2 3 9 2 4 0 Discussion 2 4 1
We describe a complex hospital-associated norovirus outbreak analyzed with 2 4 2 prospective and retrospective mNGS with a sample to phylogenetic analysis turn-around time of 2 4 3 24 hours for prospective sequencing.
4 4
Through the application of genomic analyses to this outbreak, we gained new insights 2 4 5 into viral transmission among case patients and into the relationship between hospital-acquired 2 4 6 and community-acquired cases. Firstly, we showed that what appeared to be one large, 2 4 7 hospital-wide norovirus outbreak was composed of three genetically distinct transmission 2 4 8 clusters, implying the introduction of three different norovirus strains into the hospital within a 2 4 9 short period of time. This finding highlights the importance of health care workers staying home 2 5 0 when ill and of screening hospital visitors for symptoms of viral illness. Transmission of these 2 5 1 strains within the hospital demonstrates the importance of hand hygiene, environmental 2 5 2 cleaning, and prompt isolation of symptomatic patients, which can be challenging in patient 2 5 3 populations that have many potential noninfectious etiologies for vomiting and diarrhea. 2 5 4
Secondly, we found that there were no SNV differences among cases on the cancer 2 5 5 care unit, suggesting to us that a contaminated fomite may have propagated the outbreak on 2 5 6 this unit rather than person-to-person transmission. While environmental surfaces were cleaned 2 5 7 with bleach during the outbreak, this finding suggests that efforts should have been intensified 2 5 8 on this unit. 2 5 9
Our analysis also showed a close relationship between the cancer care unit cases and 2 6 0 several community-acquired cases in other pediatric oncology patients. This finding suggests 2 6 1 that the cancer care unit viral strain may have continued to be transmitted after the 2 6 2 epidemiologically-defined end of the outbreak. A possible venue for these putative transmission 2 6 3 events was the outpatient oncology clinic, highlighting the potential for viral spread in 2 6 4 ambulatory settings, a particular concern for immunocompromised patients. 2 6 5
Finally, we showed that the noroviruses responsible for the outbreak were reflective 2 6 6 genetically of the noroviruses circulating in the community at the time. In particular, both of the 2 6 7 genotypes observed among hospital-acquired cases were seen in community-acquired cases. 2 6 8
More broadly, our genetic analysis illustrates how outbreaks are dependent on pathogen 2 6 9 circulation in the community. The existence of three discrete transmission clusters in this 2 7 0 outbreak required that there was genetic diversity among viruses in the community and was 2 7 1 also likely reflective of a high overall burden of norovirus locally at the time of the outbreak, 2 7 2 which took place in January, the typical peak of norovirus season [26]. 2 7 3
The above findings demonstrate the utility of genetic analyses in outbreak investigations. 2 7 4
Indeed, some of these findings would not have been apparent without the single nucleotide 2 7 5 resolution provided by whole genome sequencing. We have shown that mNGS can be 2 7 6 performed in a timely manner comparable to genotyping assays. In addition to the high 2 7 7 resolution genomic data they produce, mNGS approaches have the advantage of being easy to 2 7 8 adapt for other organisms, including those for which little genomic information is available. 2 7 9
Furthermore, data from mNGS analyses can be directly compared to data from other studies 2 8 0 and can be pooled across studies for new analyses. 2 8 1
Our genetic analysis of this outbreak also gave us the opportunity to examine norovirus 2 8 2 evolution in an immunocompromised patient who was one of the hospital-acquired cases. We 2 8 3 found that this patient's virus accumulated non-synonymous mutations in ORF2 and particularly 2 8 4 in the P2 subdomain at a faster rate than synonymous mutations. This same pattern was found 2 8 5 when examining genomes from other chronically infected, immunocompromised patients, but 2 8 6 was not seen when the evolution of GII.4 genotype viruses at large was examined 2 8 7 (Supplementary Note S3, Supplementary Table S4 ) [25] . We hypothesize that the norovirus 2 8 8 population size in immunocompromised patients tends to be larger due to their weakened 2 8 9 immunity. Population size is also likely more stable than in immunocompetent individuals as 2 9 0 norovirus that "resides" in an immunocompromised host does not experience the bottlenecks 2 9 1 associated with transmission from host to host. The net effects of these differences in 2 9 2 population dynamics is that genetic drift, which can drive the fixation of neutral synonymous 2 9 3 mutations, is weaker and that positive selection is more effective (as advantageous non-2 9 4 synonymous mutations are unlikely to be lost due to drift) in immunocompromised hosts, even 2 9 5 in the context of weakened selective pressures from the immune system. This is one possible 2 9 6 explanation for both the surplus of non-synonymous mutations and the deficit of synonymous 2 9 7 mutations that we observed in the ORF2 gene and P2 subdomain in samples from the Case 2 2 9 8 patient. 2 9 9
In some other viral species, viruses that evolve in immunocompromised hosts seem to 3 0 0 predict broader evolutionary trends
. It is currently unknown if noroviruses from 3 0 1 immunocompromised hosts influence viral evolution or even if viral transmission from 3 0 2 chronically infected patients is possible. It seems unlikely, though, that viruses from 3 0 3 immunocompromised hosts have no impact on norovirus evolution given that there are many 3 0 4 degrees of immunocompromise, that the number of immunocompromised individuals continues 3 0 5
to increase, and that immunocompromised patients have frequent contact with the health care 3 0 6 system and each other. 3 0 7
This study was limited by our inability to obtain specimens from ill staff, a challenging 3 0 8 problem as most otherwise healthy patients do not seek medical attention for norovirus infection 3 0 9
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